Objectives: A link between negative life stress and the onset of mood episodes in bipolar disorder (BD) has been established, but processes underlying such a link remain unclear. Growing evidence suggests that stress can negatively affect reward processing and related neurobiological substrates, indicating that a dysregulated reward system may provide a partial explanation. The aim of this study was to test the impact of stress on reward-related neural functioning in BD.
individuals with BD often experience anhedonia (e.g., reduced reactivity to pleasurable stimuli) during depressive episodes and hyperhedonia (e.g., increased pleasure-seeking behavior and reactivity to pleasurable stimuli) during manic episodes. 6, 7 Various neuroimaging findings suggest that individuals with BD may have an underlying hypersensitivity to rewards (see Ref. [8] for review): euthymic individuals with BD have been found to exhibit hyperactivation of the amygdala in response to rewards and reward reversal contingencies, 9 and elevated ventral striatum and orbitofrontal cortex activity during reward anticipation. 10 In spite of these findings, inconsistencies exist, 11, 12 including a recent report of hypoactivation of dorsal striatal regions in unmedicated subsyndromal individuals with BD during reward anticipation, 13 which points more towards blunted reward processing as a vulnerability factor. Mixed findings may partially stem from the fact that structural abnormalities in reward-related regions have also emerged in BD, 8, 14, 15 but volumetric findings are rarely controlled for in functional magnetic resonance imaging (fMRI) reports. Such inconsistencies highlight the need for additional research, including the importance of accounting for possible structural abnormalities while probing functional activation.
Convergent lines of evidence suggest that focusing on the reward system in BD in relation to negative stress might be particularly important, since stress often precedes depressive episodes in BD. 3 Preclinical and clinical studies have shown that acute stress can reduce reward responsiveness and trigger anhedonic-like behaviors. [16] [17] [18] Given the behavioral and neurobiological influence of stressors on reward processing in psychiatrically healthy individuals, in combination with the characteristic hyperhedonia and anhedonia seen in BD, it is imperative to investigate the ways in which environmental stressors may disrupt the reward system in BD. To this end, we investigated stress-induced reward dysfunction in euthymic patients with BD utilizing a Monetary
Incentive Delay (MID) task, an acute psychosocial stress manipulation, and fMRI.
Given the findings of previous fMRI studies with the MID task, 19, 20 we hypothesized that, relative to controls, euthymic individuals with BD would show reward-related heightened activation in the amygdala, 9 but reduced activation in basal ganglia regions 21 during both anticipation and consumption of rewards. Regarding the impact of negative psychosocial stress, we previously found that controls exposed to acute psychosocial stress exhibited greater activation in the basal ganglia and amygdala during reward anticipation and blunted activation of striatal regions during reward consumption. 22 Given the very limited neuroimaging studies reporting on stress-related reward processing in BD, 23 we broadly anticipated that individuals with BD would also show dysfunctional reward processing under stress, but could not predict whether the patterns hypothesized above would be blunted or exaggerated by stress. During the fMRI session, participants completed four runs of a revised version of the MID task (see below); two runs under no-stress and two runs under stress conditions, in the following order: run 1: no stress, run 2: stress, run 3: stress, and run 4: no stress. The stress manipulation involved negative feedback about task performance. More specifically, in order to induce mental stress during the stress runs (runs 2 and 3), participants were given negative performance feedback immediately before the start of these runs. Participants were told that they were performing more poorly than prior participants and, as a result, there was a chance they would receive sudden $5 penalty deductions if they continued to perform poorly. In contrast, participants were given positive performance feedback immediately before the start of the two no-stress runs (runs 1 and 4) with no possibility of receiving $5 penalties (for more details, see Supplementary Data).
| METHODS
Immediately after each run, and prior to performance feedback, subjects completed brief computerized affective ratings that included rating the extent to which they experienced 12 different emotions (e.g., tense, anxious, relaxed, and in control) on a scale from 1 to 5 (1=not at all/very slightly; 5=extremely).
| MID task
The MID task was a variant of a monetarily reinforced button-press task designed to elicit neural responses during reward anticipation and consumption. 19, 22 Briefly, at the beginning of each trial, participants were presented with a visual cue (1.5 s) indicating the reinforcer associated with performance ("+$" for reward or "0" for no incentive), followed by a visual cue (a red square, 0.2 s) that indicated they should execute a button press as quickly as possible. Following response execution, participants received visual feedback about their performance (gain or no gain on reward trials, and no change on no-incentive trials).
Successful performance during reward trials was associated with monetary gain, and occurred if subjects executed the button press within the 66th percentile of their individual reaction times (RTs) obtained from the preceding run (for run 1, the threshold was calculated using the practice block RT). Gains on successful reward trials varied between $0.95 and $1.15 (mean: $1.05); unsuccessful performance of reward trials was associated with no gain. For no-incentive trials, 'no-change' feedback was presented regardless of the RT. The task was organized into four runs of 33 trials, with 22 reward and 11 noincentive trials pseudo-randomized in each run. Subjects were instructed that the probability of success was contingent upon how fast they pressed the button after the disappearance of the red square. A brief practice run (identical in design but without feedback) was completed immediately prior to the first run.
| Imaging data acquisition
The MRI data were acquired on a 1.5-T Symphony/Sonata scanner (Siemens Medical Systems, Iselin, NJ, USA) using a 12-channel head coil. Structural data were collected using a T1-weighted magnetization- 
| Behavioral data analyses

| Demographic and clinical variables
Independent-samples t tests were conducted to compare groups on their ratings (BDI-II, MASQ, SHPS, PSS, PANAS-Trait, and NCQ).
| In-scanner affective ratings
Positive and negative affect were calculated by averaging the scores obtained on five positive (in control, alert, energetic, relaxed, and happy) and seven negative (tense, anxious, powerless, defeated, challenged, stressed, and out of control) emotions, respectively, after every run. These ratings were analyzed using a 2 × 2 × 2 repeated measures ANOVA with Valence (positive or negative) × Stress (stress or no stress) as within-subject factors, and Group (HC or BD) as a between-subject factor.
| MID task
In line with our previous publication in HC, 22 analyses were restricted to runs 1 and 2 to focus on the acute effects of the stress manipulation without potentially confounding carry-over effects. Both behavioral and fMRI analyses were, therefore, conducted on run 1 (no stress) and run 2 (stress) conditions. While positive feedback was given after run 3 to mitigate potential carry-over effects of the stress manipulation, our prior analyses in HC tested with this paradigm indicated that differences between the first two runs more strongly reflected the effects of 'acute' stress.
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With respect to behavioral performance, groups were compared using unpaired t tests across different variables: per cent of reward trials in which subjects received successful reward feedback, number of errors, and total amount of money won during no-stress and stress blocks. A Group (HC or BD) × Stress (stress or no stress) ANOVA was run to assess task performance.
For RT data, outlier responses were removed before analyses.
Outliers were defined as responses <150 ms or >1000 ms; responses exceeding 3 standard deviations above or below the individual's mean;
and error trials (trials in which subjects pressed the button too soon before the cue or too late after the cue). Next, a 2 × 2 × 2 repeated measures ANOVA of RT with Incentive (reward or no incentive) and Stress (stress or no stress) as within-subject factors, and Group (HC or BD) as a between-subject factor was run. To test a priori hypotheses that bipolar patients would exhibit abnormal reward processing, anatomical masks were created using the Wake 
| Neuroimaging data analyses
| Structural analyses
Volumetric segmentation was performed with the FreeSurfer image analysis suite (FreeSurfer Vol. 5.3 37, 38 ). FreeSurfer estimates cortical and subcortical volumes via a whole-brain segmentation procedure.
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The brain parcellation and segmentation were run using the standard 'recon-all' script using default settings. The post-processing output for each subject was thoroughly inspected for segmentation errors and no manual edits were required. Intracranial volume (ICV) was also calculated to correct for inter-individual differences in total brain size.
All volumes measured were exported to SPSS for statistical analyses.
Age and gender were also controlled for, as both of these factors are known to influence structural morphology in humans. 
| RESULTS
| Participant characteristics
There were no significant differences between groups in any of the following demographic variables: gender, age, ethnicity, years of education, current/past smoker, tobacco dependence, or current caffeine consumption (P>.10) ( Table 1) . Relative to controls, participants with BD had a wider range of depressive symptoms as measured by the BDI-II (range: 0-16), but groups did not differ (P>.30). On the BDI-II, 12 of the 13 subjects with BD were in the 'minimal' range (0-13) and only one subject was in the 'mild' range (14-19; and five participants were in the 'mildly depressed' (8-15) range. 
| Behavioral results
| Affective ratings
| MID performance
Overall, there were no behavioral differences between groups and stress runs in terms of the amount of reward feedback received, number of error trials, total number of errors, and total amount of money won during the task (all P>. 50 (~14 trials) were successful (i.e., participants were faster than the set threshold of 66%) and 35% (~8 trials) were not successful (i.e., participants were slower than the 66% threshold). 
| RT
| Neuroimaging results
Parameter estimates from our ROIs were normal and satisfied the homogeneity of variance assumption.
| Putamen
A Group × Stress × Hemisphere ANOVA on beta weights extracted for reward anticipation (reward cue minus no-incentive cue) revealed no significant effects (Figure 2A ). An analogous ANOVA for the reward consumption phase (gain minus no gain) highlighted a significant three- 
| Caudate and nucleus accumbens
No effects involving Stress or Group were observed in the caudate or nucleus accumbens during reward anticipation or consumption.
| Amygdala
Two significant outliers (one in the BD group and one in the HC group), as listed by SPSS, were identified in the left amygdala during reward anticipation, so these participants were removed from analy- 
| Structural FreeSurfer analyses
While controlling for age, gender, and ICV, no significant group differences emerged in the basal ganglia. However, the left and right amygdala were both found to be structurally larger in bipolar 
| DISCUSSION
Using fMRI in conjunction with the MID task and a negative psychosocial stress manipulation, the current study examined the impact of an acute stressor on reward processing in individuals with BD and HC. The main finding emerging from the fMRI analyses was a stressdependent effect in the amygdala: relative to controls, individuals with BD showed significantly higher amygdalar activation during reward anticipation under the no-stress condition, whereas the opposite pattern was seen under the stress condition (BD<HC). Notably, groups did not differ in terms of behavioral performance or any of the prescan baseline 'in-the-moment' affective questionnaires, suggesting that fMRI findings were not confounded by group differences in task difficulty or mood state on the day of the scan.
Interestingly, structural analyses revealed that both the left and right amygdala were larger in subjects with BD than in HC. These findings are in line with some prior studies that have reported similar structural abnormalities in amygdala volume in BD, 14, 40, 41 although opposite patterns have also been described. 8, 41 A recent meta-analysis reported overall reduced amygdala volumes in BD, 42 although these conclusions were driven by studies of children and adolescents with BD, who may show meaningful structural brain differences from adults with BD. 43 Medication history may contribute to inconsistencies in amygdala volume differences, since certain BD medications may increase amygdala volumes, 14, 44 making it more likely to find larger amygdala volumes in adults with BD as compared to controls and youth with BD. Of note, in the current study, amygdala volume correlated positively with amygdala activation, suggesting that prior reports of amygdalar hyperactivation in response to reward anticipation under no stress 9 might be partially confounded by structural abnormalities in this region.
The amygdala is involved in appetitive motivated learning 45 and plays an important role in reward-related dopamine (DA) release in order to generate 'approach' behaviors. 46 Thus, in the face of stress, increased amygdalar activation during reward anticipation may reflect F I G U R E 3 Gray matter (corrected for age, gender, and intracranial volume) differences between healthy controls and participants with bipolar disorder (A). Association between structural volume and activation to reward anticipation in the amygdala under the no-stress condition in both groups (B). Parameter estimates from the amygdala during reward anticipation after controlling for structural volume in healthy controls and participants with bipolar disorder (C). Error bars indicate standard errors ; * indicates P<.05; ⱡ indicates a trend of P=.06 controls having increased appetitive motivation to engage in actions to cope with the stressor, gain rewards, and avoid punishments. In contrast, among individuals with BD, blunted amygdalar activation while anticipating a potential reward may indicate an impaired ability to use reward-predicting cues to appropriately engage in goal-directed actions when under stress.
During reward consumption, ROI analyses revealed a significant
Group × Stress interaction in the left putamen. Although post hoc tests did not reveal significant group differences within any run, the overall significant interaction showed that bipolar subjects had a stress-induced increase in putamen activation in response to reward feedback, whereas controls showed the opposite pattern. Decreased striatal activation in controls fits prior reports that acute stressors blunt reward responsiveness or 'liking' of positive stimuli, 17, 18, 22, 47 and lead to reduced striatal activation to rewards. 48, 49 Conversely, the pattern of increased striatal activation in BD suggests this group may experience stress-induced heightened reward responsiveness, which is consistent with models of hypersensitivity to rewards in BD, 50 and findings of reward-related dorsal striatal hyperactivation in BD. 51 Interestingly, in participants with BD, baseline (under no-stress) putamen activation during reward consumption correlated with their trait positive affect (see Supplementary Data).
| Limitations and future directions
Several limitations should be acknowledged. 
| CONCLUSIONS
Despite these limitations, findings from the present study extend previous lines of research by highlighting potential atypical patterns of neural functioning-e.g., dysregulated stress-related activation of the amygdala and putamen-that may underlie the relationship between a dysfunctional reward-processing system and BD, at least among predominantly euthymic (and medicated) individuals. Given the euthymic status of the BD group, atypical functioning of these neural regions may represent trait markers of the illness. However, future research is necessary to determine if these neural findings are more appropriately conceptualized as vulnerability factors to BD or effects of the illness.
